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Low voltage, low power, high performance current 
mirror for portable analogue and mixed mode 
applications 

S.S.Rajput and S.S.Jamuar 

Abstract: A novel current mirror (CM), suitable for operation at low voltage levels is presented. The 
mirror has high input and high output voftage swings. Adaptive cuiTent biasing is introduced for 
minimising the effects of offset current. A compensation technique has been used to increase the 
bandwidth. Tliis makes the CM structure attractive for portable, high frequency circuit applications. 
P-SPICE simulations, based on models for 1.2 ^m technolog)', validate the operation of the proposed 
current mirror for currents from 1 to 500yA with 1.2 GHz bandwidth. 



1 Introduction 

The demand for portability has made low power usage a 
key factor in integrated circuit design. Low power circuits 
normally find use in both digital and analogue mobile 
systems. Non-mobile applications also prefer to have low 
voltage (LV) opemtion to eliminate instrument-cooling 
requirements. 

A CM is a common building block botli in analogue and 
mixed mode VLSI circuits. Almost all high impedance 
CMs reported so far [1-3] need high input voltages, which 
give them the capability of high output voltage signal 
swing. The input voltage requirement for these CMs 
depends solely on the threshold vohage (V^) of the input 
MOSFET, ±us making them unsuitable for low voltage 
operation. New low voltage CM (LVCM) circuits, there- 
fore, need to be investigated for getting high signal swings 
at input and output terminals. A few CM topologies with 
reduced input voltage requirements have been reported in 
[4, 5], where either a level shifter or a bulk-driven approach 
[1] has been used. The CM proposed in [4] is capable of 
operating at a low supply of 1.3 V, but it has limited cur- 
rent range (< 150|.iA) with a bandwidth of 100 MHz. The 
CM proposed in fl] has limited current range (< lOOfiA), 
while that proposed in [5] is not suitable for high frequency 
applications. 

A novel LVCM with adaptive biasing and Jiigli input 
and high output voltage swings is presented in this paper. 
Adaptive biasing enhances the input signal swing capability 
and reduces the undesirable offset current. The use of 
capacitive and resistive compensation gives a bandwidth of 
1.2 GHz. The proposed LVCM can operate at a bias volt- 
age less than 1.2 V for an input current less than 200 |iA; 



©1EE,2(X)1 

lEE Procm&iss onlinL- no. 20010441 
DOf: tO.I049/i[xdsa0010441 

Paper Cist received 20th September 2000 and in revised fonn 29lh March 2001 
S.S. Rajput was with Ihe Indian Institute of Tedmology and ts now with the 
Thin FQm Technology Group, National Physical Laboratory, Dr K.S. 
Kiishnan Road, New Delhi, U0CI2, India 

S.S. Jajiiuar Is with ihc Depaitrnetit of Electrical Engineering, Indian Institute 
of Tcdinology, Hauz Khas, New Ddhi, 110016, India 



and less than 1.7 V for input current ranging from 200 to 
500 with output impedance of approximately IMQ. 

2 LVCM topology 

The simple CM topology shown in Fig. la requires input 
voltage {V^) of at least one K„ and is unsuitable for any 
LV applications. The modified CM (Fig. 1^), which oper- 
ates at low voltage, incorporates a level shifter PMOS tran- 
sistor M4 (biased through a current '^^ input port. 
For this structure, we have 

Vdsl = Vgsl - VgsA (1) 

where V^i andl^^^i are the drain to source and gate to 
source voltages for Ml. Vg^ is the gate to source voltage 
for M4. 



2^ 



Vsa 



Fig . 1 CM slructurcs: 

n Clonventional CM stmcturc 

b ConvcDtional Inct shitted CM suuciurc 



M4 is operated in sub-threshold region and V^^ is 
approximately 0.6 V. It is required to have a minimum K^^^i 
equal to at least one to operate Ml in either linear/ 
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saturation region. If K^^., equals 0.2V, then Ml operates 
in the saturation region. However, M4 operates in the 
sub-threshold region for the entire input current (4J range. 
The operation of MI and M2 depends on A^, and their 
aspect ratios ( W/L), Hence, when 4 < 1 .0|iA, Ml operates 
in the sub-threshold region and when 4 exceeds l.O^lA, 
Ml operates in the saturation region. 

Z 7 Operation in sub-threshold region 

At low input currents Ml and M2 operate in the sub- 
threshold regions and the input voltage present due to the 
injection of 4, is given by 



Vin ^ TjVt 



log 



(2) 



where Vj^ is the thennal voltage, f^oi ^doa process 
paranaeters, {IVIL) represents transistor aspect ratio, and rj 
lies between 1.2 and 2.0, 

As [(„ increases, both Ml and M2 enter into the satura- 
tion region and the circuit analysis carried out in the 
following Sections assumes that Ml and M2 are in the 
saturation regions. 

2.2 Proposed LVCM struclure 
The CM structures shown in Fig. I do not have high 
output resistance. The LVCM structure shown in Fig, 2 is 
based on the triode transconductor structure [6], and is 
expected to increase the output resistance. The input 
cunient 4i is pumped into the drain of Ml. The bias 
current of M4 is kept small so that M4 operates in the sub- 
threshold legion and Ml is in the saturation region. The 
transconductance (g^p„t) and channel conductance (g^i) of 
Ml decide the input impedance (7?^^. Here, M4 provides 
the requisite gate bias for Ml and M2 while M5 provides 
suitable bias for M3. is given by 



2/« 



7)Vt 



\W4 I BOA J 



(3) 



where AK,;, (= - V^^ is the mismatch between the 
tlireshold voltages of Ml and M4 and ^\ represents the 
transconductance parameter for Ml. 




Fi g . 2 Proposed high outpiti impedance L VCM 

Vgs\ and Vg^ are equal, but Vda depends on the applied 
bias voltage (K^), output current (4«f) and the bias current 
of M5 (4ittr2)- We choose 4^^^ to be lOnA, which ensures 
that M5 operates in the linear region for entire range of Vq 
because the drain gate voltage of M5 equals V^j^ 

For a current flow through M3 and M2, lower Vg 
implies lower K^^j- ca^ises higher Vg^s that 
required for If^^^a to flow. V^^s depends on the gate bias of 
M3 and is at leasi equal to V^^^ ^tn- These conditions 
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ensure that M5 operates in the linear region. Also, Vj^ 
increases as Kg is increased and M3 has to pump 1^^^ but 
drain source voltage of M3 is small and inadequate for the 
purpose. Hence, it requires higher gate source bias, which 
equals the difference of applied voltage at source of M5 
(Kc) and the drain voltage of M2 (= Vc - Vc is 
normally taken as V^j^ itself. Now. divides between Vj^ 
and V^^ as: 



Vrfs2 ^ HyC-Vds2-Vtn) 



(4) 



When Vb is small, the above ratio is high and Vdsi equals 
Vq, With the increase in Vg, V^i rises as M5 enters into the 
.satumtion from tlie linear region. When V^^i increases 
further, K^^^ decreases to a minimum value where further 
decrease in Vg^^ allow to flow. Now the 

increase in (^^2 stops and remains fairly independent and 
Kf^3 starts rising, M3 enters into saturation, resulting M5 to 
be always in the linear region. 

The mput impedance and the output impedance 
(J^ut) given by 

Rin « — (5) 



Rn 



9rrx3 
9d2gdS 



(6) 



where and represent the output conductances of M2 
and M3, while j^^i Smi represent transconductances for 
Ml and M3, respectively. Similarly, the minimum output 
voltage necessary for CM operation is equal to: 

Vout (min) = Vde2 (min) + V^^ 3 (min) (7) 

3 Adaptive biasing technique 

For the LVCM of Fig. 2, a minimum ^^j^i is required and 
Vff, is dependent of both and ^j^^-i. If 4, is increased, 
then Vjft also increases. But this increase can be reduced to 
a smaller value by increasing Z^,^,]. It is possible to increase 
hiasi propoitionaJ to /^^ by using the CMs obtained using 
M6, M7 and M8 (Fig. 3). The current through M8 is pro- 
portional to 4i 3nd is /j/ayi- 



5 



mH I— ti- 



l-ill- 



'out |V(, 
M3 



FI g . 3 ProjxxKd A BL VCM structure 

The gate source voltage for M2 {Vgsi) is given by 



where V^^ is the threshold voltage of M4. 
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We find that V^^^j cicpends on K^^^i and I^i^^i. For low 
input current (4, ^ 1 jjA), -V^f^i 'S nearly equal to zero volts 
aiid Ibia,] solely decides Vg,2- huui ^J'ives Vg,2 to be near Vf„ 
even Tor zero /y„. Vj^ will also be zero, but K^,2 inoreases 
independently with Vg. Under this condition, a cunent 
flows through M2 (even though 4) is zero), because Ifyi^s] 
decides the gate bias for M2 and K^^^ increases independ- 
ently with Vq. This condition drives M2 into the sub- 
threshold region and a small current, known as the offset 
current {lof/sei)^ flows through M2. As increases, the 
gate source bias of M2 increases* although is still negli- 
gible 0.0 V for 4, < 1 jiA). This causes Ioffif>i to increase. 
Thus, restricts the increase in 

Thus two amtradictory requirements emerge (i.e. that 
hias\ should be increased to keep low and at the same 
time if,^^! should be decreased to keep low). In the 
design of an adaptively biased LVCM (ABLVCM), ^^^,1 is 
kept low, when 4i is low and is increased for higher 
Higher /^^^^i imparts low at higher 4t and lower Z^^^i is 
necessary at low Ii„ to have low 4^,. Fig. 4 gives the 
values of offset current under different operating condi- 
tions. 

We find that /^^i^^, can also be minimised by matching 
the threshold voltages of the PMOS and NMOS transis- 
tors, but cannot be made zero. As shown in Fig. 4, opera- 
tion of the PMOS transistor in the sub-threshold region 
reduces J^,jj-^^f by a factor of 3. We have used this concept in 
the proposed ABLVCM structure. 



4 Circu'rt modelling 

The goal of circuit modelling is to obtain the functional 
relationsliip among the input and output variables, which 
depends upon some physical and bias parameters. Hybrid 
(A) parameters to model the small-signal behaviour for tlie 
LVCM are given in Fig. 5, where 

QMj^gsA +Cgdl + Cfix) 

(9) 
(10) 

(11) 
(12) 

and g is the conductance connected between gates of Ml 
and M2. 

5 Frequency enhancement 

The high frequency response of the LVCM is described by 
the parameter (Fig. 5). The addition of an external 
capacitor C^x between the gate and source of M4 decreases 
the input capacitance Ci„ (cqn. 9) and increases 
(cqn. 12). This results in shifting the pole-location away 
from the imaginary axis in the complex plane and the 
bandwidth decreases. But addition ofg, as proposed in [7], 
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increases j?/. This compensates for increase in Q. When gt 
» gf^, hii reduces to following: 

We find that C,>, primarily decides the bandwidth of 
ABLVCM if g^i is constant. Reducing C^^ can increase the 
bandwidth of ABLVCM. This is achieved by addition of 
the external capacitance Q^. 

6 Sensitivity analysis 

Sensitivity analysis of the CM is carried out to find the var- 
iation of the output current for the variations in vari- 
ous critical device parameters. is given by 



2L 



VW4 IdoJ 



+ \Vlp,\-Vtn2 



(14) 

The sensitivity of 7^y, was evaluated with respect to various 
parameters. The following observations are made from the 
sensitivity calculations. 

For V^2 l^^s than 2.0 V, the sensitivity of the output 
current to V^^i change is almost negligible. Any variations 
occurring in the transistor dimensions (W and L) have 
immediate reflection on f^f. The sensitivity of I^t to /^j^ti 
change is almost negligible and the sensitivity of Your to the 
threshold voltage change is quite high, as is expected from 
any CM structure. 

To calculate sensitivity of /^u, to lin, we assume Ki = 
K-AK,K.~ K+AK, = K^-AP^^and = + AK^. 
The current is given by 



2AVt 



(15) 



For pi = ^we get 

S'C « 1 - ^ (16) 

and the sensitivity of to 4, is dependent on variation in 
K. 

7 Temperature dependence 

Several of MOSFET parameters such as mobility (fJ) and 
the threshold voltage (P^J are temperature dependent and 
their effects on CM performance need to be evaluated For 
the ABLVCM under consideration, is given by 



th 



(17) 

Assuming the temperature changes in AF^ to be zero, the 
frdctional temperature coefficient (TCj^ is given as 



Pm2 



(18) 

where - uCq^ for M2, ABI.VCM can be made temper- 
ature insensitive by selecting various parameters. If (L4/W4) 
is small and I^q^ » 7^^^], we have 



TCf{Ia'ai) ~- 



-1.5 
T 



(19) 



This gives quite low TCf (7^^), equal to SOOppmAC at 
room temperature. 

8 Simulation results 

The parameters such as bandwidth and I^jj^cf, 

which should be bias insensitive, decide the performance of 
the ABLVCM. The CM should also have high input and 
output voltage swing capabilities. The circuits have been 
simulated using level 3 SPICE parameters for 1.2 pm tech- 
nology with supply voltage of ±1 V. The ratios for 
various MOSFETS are given in Table 1. 

Table 1: Aspect ratios 



Device 




Aspect ratio 


Figure 


number 


Type 


(W ^m/lum) 


number(s) 


M1,M2 


NMOS 


84/2.4 


2,3 


M3 


NMOS 


60/1.2 


2,3 


M4, M5 


PMOS 


18/1 .2 


2,3 


M6 


NMOS 


8,4/2.4* 


3 


M7 


PMOS 


120/1.2 


3 


M8 


PMOS 


2.4/4.8 


3 



5.7 LVCM 

P-SPICE simulations were carried out for Ihiasi and 4/^,^2 of 
100 pA and lOpA respectively, for 4i between IpA and 
SOOpA. Input voltage (F^) is plotted in Fig. 6 for various 
values of required is 0.8 V as against 1.36V for 

conventional CM for 500 fiA of Ig^f, This voltage is still 
higher for low voltage CM applications. For < 200 juA, 
the circuit operates with Vi„ < 0.5 V. The variation of K^, as 




0.2 0.3 

input current l|„, mA 
FIfl* 6 ^in ^<^t 4t c/ktracteristics 

(i) Convcnlional CM; (ii) simple CM slruclure; (jii) proposed LVCM structnrs; 
(ivjpruptwca ABLVCM 




2 4 6 8 

input bias current \^^^^^ , nA 

Rfl' 7 Vjn (Moped at ilie input port for 7^, = lOO^ and laff^, 

tics as a Junction oJIt,^j 

(i) Input voliaee (KJ; (ii) offset current (/^^) 



cftaracterix- 
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a function of /^^uvi is shown in Fig. 7 for 4i o!l 100 |iA (trace 
(i)). Variation of /'^y^,^, as a function of is also shown 
(trace (ii)). There is an J^ffi.,,^ of 5\xA for of InA and 
any decrease in /fij^.^i neeSfs a higher V^^ with reduced 4/;>tv 
as a function of Vjf for different values of is given in 
Fig. 8, where y^^i^, is visible, when is less than lOjiA 
(inset of Fig. 8). ' 




0.5 



1.5 



1.0 

bias vottage Vg, V 

Fig. 8 Cune^U'^>ollage charmerimrsfnr f)rnp()sed LVCM 
Figuit m iasct shows l-V chdracicrislics at low currents 
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Fig.9 
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fnput current mA 

Owma mmfar duiracteristics of proposed LVCM 
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1 10 10* 10^ 10^ 

frequency, MHz 

Fig. 1 0 Frequency r^)onsc of pwpoxed LVCM 

(i) Witliout compeii^tion; (Ij) wilh resistive compensation; (iii) wilb capiicitive cnm- 
pen;atinn; (iv) resifsHve and capadiive compensiLtioii 

Figure sliown ui ilie iiisct depicts the expanded diaractertslics near cutofl" frequency 

We find tliat 7^,^/ to 4 ratio is almost equal to 1 (Fig. 9). 
The bandwidth is strongly dependent on the type of com- 
pensation used (as in Fig. 10 for of 500|ilA), The band- 
width is about 630 MHz (trace (i)) witli no compensation. 
With addition of gate resistance, bandwidth reduces to 
approxinnately 500 MHz (trace (ii)). There is a sag in the 
fiequency response around 10 kHz due to the presence of a 
zero around this frequency. Compensating capacitor 
increases the bandwidth to 790 MHz (trace (iii)). With both 
external capacitor and resistance, the bandwidth increases 
twofold to 1.2 GHz (trace (iv)) and the sag also disappears 
due to cancellation of zero by the addition of pole. The 
corresponding bandwidth Cor conventional CMs was found 
to be 550MIIZ (Fig, la), and 382MHz (Fig. \b) and sag 
was also present. 

82 ABLVCM 

The ABLVCM uses adaptive biasing and frequency 
enhancement techniques, i?^ and R^^f are found to be 



1.8 kQ and 1 MCI, respectively, at a supply voltage of ±1 V. 
The sensitivity analysis of with respect to the changes in 
the bias currents and bias voltages indicates that the varia- 
tions in are negligible. 

The /^y, against characteristics for ABLVCM is also 
shown in Fig. 6. Wc find that is 0.65V for 4, of 
500 nA, whereas it was 0.8 V and 1.36 V for the LVCM and 
the conventional CM, respectively. Fig. 11 is the plot of 
bias voltage again.st f^j for different values of T^^sei 
less than \\iA (inset of Fig. 1 1). It requires an ou^ut volt- 
age less than 0.4 V for //„ up to 200 pA and approximately 
0.65Vfor4upto500^A. 



o 0.1 




0.05 mA 



0.04 mA 



0.03 mA 



0.02 mA 



0.01 mA 



0.00 mA 



1.0 



0 0.5 1.0 1.5 

applied voltage Vq, V 

Fig . 1 1 Oirrmt-voltage diaravteristicsfor proposed ABL VCM 
Figure in the iasci shows I-V characlcrisilcs at low currents 




10 102 103 10* 

frequency, MHz 

R g . 1 2 Frequency response of proposed ABL VCM 
(i) Without compensation; (ii) with resistive compensation; (iii) with capacitive com- 
pensation: with resstive and capacitive compcnsaiion 

Figure .shown in the inset stiowi the expanded characteristics near cutoff rruiuency 

The frequency response of ABLVCM is similar to that of 
the LVCM and the bandwidth is dependent on the type of 
compensation used (Fig. 12). The bandwidth with and 
without compensation is the same as in the LVCM. Simu- 
lations shows that the bandwidth was 90 MHz, 150 MHz, 
and 210MHz for ABLVCM; 95 MHz, 150 MHz, and 
200MHz for the CM of Fig. 1^; and 2 kHz, 1 1 5 MHz, and 
140 MHz for the CM of Fig. Ih, respectively, when //^ 
equals lOpA, 30^ and 50\iA, respectively. 
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Simulations were also carried out under difFerent supply 
voltages to define the bias requirements (Fig. 1 3). For cur- 
rents less than 400 nA, the circuit performs satisfactorily at 
a single supply of 1.5 V. However, bias voltage of more 
than 1.6 V is needed for 4i more than 400 jiA. 

The bandwidth of the proposed circuit was evaluated by 
simulating it at difterent voltage levels from 10.625 V to 
±l,OV at 7^ of 200mA. The bandwidth of the ABLVCM 
was independent of bias voltage when the latter is more 
than ±0,75 V and was approximately 790 MHz. However 
for voltages less than ±0.75 V, the bandwidth falls to 
620 MHz at ±0.625 V. Worst-case analysis was carried out 
to find variations in for 50% Gaussian deviations in the 
model parameters chosen for MOSFETs. The absolute 
error present in the DC current transfer is almost negligible 
for changes in model parameters (3^ at 120uA). The 
error in AC current transfer is also negligible. Tlic band- 
width of the ABLVCM decreases by 5% over a tempera- 
ture change from 0 to lOO^C. 

8.3 Comparative performance 
We observe that the ABLVCM has better performance 
than other circuits. It operates satisfactorily with input volt- 
age as low as 0.65 V for current up to 500^, whereas the 
other LVCM require more than 0.8 V (Figs. 6, 8 and 11). 
It has quite low offset current, A supply vollage of 1.5 V is 
needed to ensure proper bias requirement for M4 and M5; 
but other structures require liiglier voltage. 

9 Conclusion 

A novel high performance CMOS LVCM, which can oper- 
ate with a supply voltage of 1.5 V, is presented. The 
ABLVCM has wide input current range \\1a to 400|jA at 



1,5 V with i-ail-io-rail input and output voltage swing. At 
2V, the ABLVCM can operate up to 500jiA. Tt has high 
bandwidth of approximately L2GHz. One immediate 
application is in the design of handheld equipment where 
supply voltage and current are parameters of prime impor- 
tance. Thi.s circuit can find wide-ranging applications in 
portable equipment, where analogue and mixed mode cir- 
cuits are ased. 
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